The recent discovery that neutrinos have masses opens a wide new field of experimentation, for which one has to be ambitious, ingenious… and patient. Accelerator-made neutrinos are essential in this program. Ideas for future facilities include high intensity muon neutrino beams from pion decay ('Superbeam'), electron neutrino beams from nuclei decays ('Beta-beam'), or muon and electron neutrino beams from muon decay ('Neutrino Factory'), each associated with one or several options for detector systems. There are different opinions in the community on how to proceed through this rich choice of questions and possibilities. We now begin a "scoping study" aimed at determining a set of key R&D projects enabling the community to propose an ambitious accelerator neutrino program at the turn of this decade. As an introduction to this study, a set of physics priorities, a summary of the perceived virtues and shortcomings of the various options, and a number of open questions are presented.
Introduction

Status of the field
The observation of neutrino oscillations has now established beyond doubt that neutrinos have mass and mix. This existence of neutrino masses is in fact the first solid experimental fact requiring physics beyond the Standard Model.
The present status of the field is as follows. Since 1989, we know from LEP [LEPEW] that there are only three families of active light neutrinos coupling to the weak interaction. Since the early 1970's we have hints from solar neutrino experiments that electron neutrinos produced in the sun undergo disappearance on their way to earth, and, from the different disappearance rates measured in different neutrino energy ranges (Chlorine [Homestake] , Gallium [GNO] , [Sage] Water Cherenkov [Super-Ksolar] ) we have indication that matter effects in the sun play an important role [MSW] . This "solar neutrino puzzle" was closed in [2001] [2002] with the results from the SNO experiment [SNO01] [SNO02] , which allowed, by virtue of using heavy water as target, simultaneous measurements of i) the neutral current reaction, providing the total flux of active neutrinos that agreed with solar neutrino flux calculations, and ii) the charged current reaction, providing a measurement of the electron neutrino component representing less than half of the total flux, in agreement with previous observations. The KamLAND [KamLAND02, KamLAND04] experiment provided at the same time a measurement of disappearance of electron anti-neutrinos from nuclear (fission) reactors in Japan, providing, in combination with the solar neutrino results, a precise determination of the relevant neutrino mixing angle of around 30 0 and of the corresponding mass difference --that can be expressed as an oscillation quarter-wavelength of L/E ~15000 km/GeV.
Since the late 80's there has been indication from atmospheric neutrino experiments that the muon neutrinos undergo disappearance when going through the earth; this was unambiguously demonstrated by the SuperKamiokaNDE experiment in 1998 [Atmos] . This disappearance takes place at a much shorter quarter-wavelength than for solar neutrinos (L/E~500km/GeV); it is not seen for electron neutrinos, a fact that has been best established by the CHOOZ [CHOOZ] reactor experiment. Recently, it has been confirmed by the K2K experiment in Japan [K2K] , the first accelerator neutrino long baseline experiment designed since neutrino masses have been established, and a prototype for future ones.
The above experimental observations are consistently described by three family oscillations, with mass eigenstates {ν 1 ,ν 2 ,ν 3 } related to the flavour eigenstates {ν e , ν µ  ,ν τ } by a set of Euler angles θ 12 , θ 13 , θ 23 as depicted in Figure 1 .
Two independent mass splittings characterize the system, since oscillations only depend on the difference of squared masses. Although no formally agreed definition exists, the usage is that the mass eigenstates are classified by decreasing electron-neutrino content: ¦<ν e ¦ν 1 >¦ 2 > ¦<ν e ¦ν 2 >¦ 2 > ¦<ν e ¦ν 3 >¦ 2 . With this definition, the mass of ν 1 is not necessarily smaller than that of ν 2 . Since neutrino oscillations in vacuum depend on the mass difference as sin 2 (1.27 ∆m 2 L/E) one cannot determine the sign of ∆m 2 unless the oscillation interferes with another process. In the case of electron neutrinos, this is offered by coherent scattering on electrons in matter, a.k.a. matter effects. The fact that solar neutrinos undergo matter effects in the sun allows us to conclude that know that ∆m 2 12 ≡ δm ≡ m 2 2 -m 2 1 >0. Since atmospheric neutrino disappearance has only been observed for muon neutrinos, which couple weakly to electron neutrinos at the relevant wavelength, we cannot (yet) tell the sign of the mass difference ∆m [Lisi] ). The present values of oscillation parameters are summarized in Table 1 and Figure 1 .
Neutrino oscillation experiments have demonstrated that neutrinos have masses, but they do not allow a direct measurement of the neutrino masses themselves; only of the differences of squares are accesible. Two complementary methods have been suggested to determine the absolute mass scale. The first is the direct kinematical mass determination in beta decay (usually Tritium, as this isotope has the smallest available Q-value). This has led to limits of about 2 eV/c 2 for the mass of the anti-electron-neutrino [Mainz] , [Troitsk] . The KATRIN experiment at Karlsruhe is planning to improve the measurements by one order of magnitude [KATRIN] and similar sensitivity could be achieved using Rhenium decay [MARE] . In principle direct measurement of the mass would give three distinct results, m ν1 , m ν2 , m ν3 with probabilities ¦U e1 ¦ 2 , ¦U e2 ¦ 2 , ¦U e3 ¦ 2 . Measuring the average mass of the neutrino produced in this reaction one would find this:
or a similar result depending on the effective sampling of masses of the measurement.
The second set of observables sensitive to neutrino masses comes from astronomy. Within the last ten years, astronomical observations related to the rate of expansion of the early universe and of its large scale structure visible in the power spectrum of the cosmic microwave background have led to a cosmological model, in which the neutrino mass plays an important role; analysis of the existing data leads to limits on the neutrino mass at the level of 0.2-1 eV/c 2 (see a more complete discussion in the 2005 BENE report [BENE05] and references therein).
An important question arises when discussing massive neutrinos: is leptonic number conserved? At a very basic level, we are accustomed to fermion number conservation, in the sense that an electron cannot transform itself in a positron, although this would be perfectly allowed kinematically. The same comment is valid for u-type or d-type quarks. Clearly for these charged fermions, charge conservation can be invoked to explain the absence of such transitions. For massless neutrinos of definite helicity (left-handed neutrino and right handed anti-neutrino) we can rely on the conservation of angular momentum to exclude neutrino-anti-neutrino transitions. For massive neutrinos this is no longer the case -the Lorentz-invariant chirality states are no longer identical to the well defined angular momentum states -and neutrino-anti-neutrino transitions at a very small level could occur and violate fermion number, unless nature explicitly forbids it. Thus, unless a new conservation law exists for which no evidence has otherwise been found, massive neutrinos naturally lead to matter-antimatter transitions, a rather significant revolution in the way of thinking of the Standard Model. This, coupled with CP violation is the key to the now popular phenomenon known as Leptogenesis, wherein the matter-antimatter asymmetry of the universe is explained by lepton number violation in the heavy neutrino states ( R N and L N ) and their decays. The generation of baryon asymmetry via leptogenesis from such Majorana Neutrinos [Leptogenesis] would work provided that m νi < 0.1eV, for all species of neutrinos. Two low energy observations would support this attractive construction. The first one would be the observation of neutrinoless double-beta decay (ββ0ν) in suitable isotopes. In addition to demonstrating unambiguously a process in which lepton number is violated, ββ0ν is also sensitive to the neutrino mass scale, although in a different way than the direct kinematical method above.
The process is extremely rare, (T 1/2 ≥ 10 25 years or so) and requires exquisitely sensitive experiments. In addition, the interpretation of ββ0ν data depends on calculations of the nuclear matrix elements entering in the process. A claim for a neutrinoless double-β signal has been made by [HM-KK] analyzing the Heidelberg-Moscow data on 76 Ge, T 0ν = 1.19 · 10 25 years corresponding to < mββ >= 0.05 − 0.85 eV (95%CL), the uncertainty coming mainly from the choice of the nuclear matrix element calculation. This result is in contrast with negative results from the same experiment [IGEX1] , [IGEX2] and from other experiments [NEMO3] [Cuoricino] . Clearly this is a field in which many experiments are and should be planned (i.e. Cuore, NEMO, EXO, Fiorini, Majorana…) in order to reach the sensitivity to the masses implied by the mass differences observed in neutrino oscillations.
The second would be the observation of leptonic CP violation in neutrino oscillations, and will be extensively discussed in the following. Before leaving this section on the status of the field, it is worth remembering the possible observation of a ν e appearance in the proton dump experiment at Los Alamos in the LSND experiment [LSND] . This puzzling observation will be soon verified or falsified by the MiniBoone experiment at Fermilab [MiniBoone] . If it is true this will lead to even more exciting phenomenology! One of the interesting aspects of this formula is the occurrence of matter effects which, unlike the straightforward θ 13 term, depend on the sign of the mass difference ∆m 2 13 . These terms should allow extraction of the mass hierarchy, but could also be seen as a background to the CP violating effect, from which they can be distinguished by the very different neutrino energy dependence, matter effects being larger for higher energies, with a 'matter resonance' at about 12 GeV.
The CP violation can be seen as interference between the solar and atmospheric oscillation for the same transition, as emphasized in Figure 3 3. by-products: precision short baseline neutrino physics, unitarity tests, nuclear physics, muon collider preparation, muon EDM.
4. Other physics capabilities: nucleon decay, observation of cosmic events (supernovae, cosmic ray bursts, etc..), other particle physics (muon lepton flavour violating decays)
Can we make one facility that will do all of this? Or do we prefer an approach where these pieces will be produced one at a time by individual dedicated experiments?
Let me take here a purely European point of view, and quote the conclusions of the SPSC workshop in Villars, "Future neutrino facilities offer great promise for fundamental discoveries (such as leptonic CP violation) in neutrino physics and a post LHC funding window may exist for a facility to be sited at CERN". An ambitious neutrino programme is thus a distinct possibility, but it must be well prepared to have a good proposal in time for the big decision period around 2010, when, LHC results being available, the future of particle physics will be decided to a large extent.
What can we expect the situation to be in 2010 as far as the neutrino oscillation business is concerned? In Figure 5 , the evolution of the world combined sensitivity to θ 13 is shown as a function of the year. It is clear that by that time our knowledge will have improved by almost one order of magnitude. It is clear that by the end of the current decade (end 2010), we will know whether sin 2 2 θ 13 is larger or smaller than 1%, and that we should be able by then to propose a facility accordingly. The facilities that have been considered promising for observation of CP violation are as follows 1. Superbeam alone + large detector(s) (e.g. T2HK, NOvA) 2. Superbeam + Beta-Beam + Megaton detector (SB+BB+MD) (e.g. Fréjus) 3. Neutrino Factory (NuFact) + magnetic detector (40kton)
The physics abilities of the neutrino factory have been advocated to be superior, but the question in everyone's mind is « what is the realistic time scale? ». To a large extent the question of time scale should be decided by the cost of the considered facility. The (Hardware) cost estimate for a neutrino factory was estimated in [APS04] (Not found in references) to be ~1B€ + detectors, with rather large uncertainties since the original cost estimate was based on a somewhat different design [studyII] . This estimate needs to be verified and ascertained on a localized scenario (CERN, RAL…) and accounting.
The cost of a (BB+SB+MD) is not very different A large cost driver here (or in the T2HK option) is the very large detector, the cost of which is at the moment quite difficult to estimate, since there will be a hard limit on the size of the largest underground cavern that can be excavated. The issues related to beta-beam are subject to a design study under Eurisol at the moment, and those related to the high power superbeam (4MW on target) are similar to those of a neutrino factory.
From this brief discussion it is very clear that a cost/physics performance/feasibility comparison is needed; this will be the object of the upcoming 'scoping study'.
Description of the facilities
2.1 Off axis superbeams: T2K, T2HK and NovA
The facilities that are envisaged immediately after the CNGS and MINOS-on axis have been designed so that the neutrino beam energy matches the distance to the detector. Since a Wide-band beam on axis has an energy which is approximately 5-10% of the incident proton energy, with a rapidly decreasing event rate as the horn optics are detuned to produce a low energy spectrum, it is more advantageous to tune the beam energy by using the off-axis trick. This is what is being built for the T2K experiment, and envisaged for the off axis NUMI experiment, NOvA.
The T2K (Tokai to Kamioka) experiment will aim neutrinos from the Tokai site to the SuperKamiokaNDE detector 295 km away ( Figure 6 ). The main design features of the T2K experiment lie in its beam line:
The neutrino beam is produced by pion decay from a horn focused beam, with a system of three horns and reflectors. The decay tunnel length (130 m long) is optimised for the decay of 2-8 GeV pions and short enough to minimize the occurrence of muon decays.
The neutrino beam is situated at an angle of 2-3 degrees from the direction of the super-Kamiokande detector, assuring a pion decay peak energy of 0.6 GeV
The beam line is equipped with a set of dedicated on-axis and off-axis detectors at two different distances, 280 meters, and possibly, at a later stage, 2 km as shown in Figure 7 . The main goals of the experiment are as follows:
1. The highest priority goal of the experiment, is the search for the yet unobserved neutrino oscillation e ν ν µ ↔ with the same frequency as the atmospheric oscillation (which is known to be mostly due to τ µ ν ν ↔ ). This will manifest itself by appearance of events with an electron in the final state. This reaction is driven by the yet unknown mixing angle 13 θ , which is also driving the CP violation asymmetry which could be observed in the same channel by comparing neutrino oscillations to antineutrino oscillations. The main challenge here is the understanding of all the background channels that produce or mimic an electromagnetic shower: beam ν e from K and muon decay; π 0 production by neutral current events. For that purpose, a dedicated fine grain detector is under construction for the 280m detector station, where the rate is higher. It will measure precisely the beam composition and the rate of backgrounds, so as to be able to perform a good simulation of the far detector. Since nuclear effects are rather important (pion absorption in particular), the detector material should be as similar as possible to the water of SuperKamiokande. It is expected that the sensitivity of the experiment will be of the order of sin 2 2θ 13 ≤ 0.006.
2. Disappearance measurements, where the number and rate of ν µ ν µ events is studied. This will improve measurement of ∆m 2 13 down to a precision of a 0.0001 or so. The exact measurement of the maximum disappearance is a precise measurement of sin 2 2θ 23 . These precision measurements of already known quantities require good knowledge of flux shape, absolute energy scale, experimental energy resolution and of the cross-section as a function of energy. In this case, it is not only absolutely necessary to have a near detector station made with the same material but also it should have the same acceptance as the far detector. The flux at the 2 km station is much more similar to the SK flux than at 280 m (Figure 7 ). This constitutes an argument in favour of a 2 km near-detector, for this particular physics goal. The T2K experiment is scheduled to start in 2009 with a beam intensity reaching 1 MW beam power on target after a couple years. It has an upgrade path which involves: a 2 km near detector station featuring a water Cherenkov detector, a muon monitor and a fine grain detector (possibly liquid argon); an increase of beam power up to the maximum feasible with the accelerator and target (4 MW?); and a very large water Cherenkov (HyperKamiokande) with a rich physics programme in proton decay, atmospheric and supernova neutrinos and, perhaps, leptonic CP violation, that could be built in about 15-20 years from now. The difficulty in the experiment is that it runs at relatively low neutrino energies, so that the ν e appearance signal is situated on top of an intrinsic background from the beam and from π 0 decays.
The Fermilab NUMI beam is exploiting at present about half a MW of beam power and an off axis detector location has been identified. The experiment would be made deliberately complementary to T2K by using higher beam energy (1.5 GeV). At these energies the channels with one or few pions in the final state are open and a Water Cherenkov would suffer too much background. A fully active liquid scintillator detector is being studied, NovA, with capability to separate electrons from charged and neutral pions. The higher energy w.r.t the T2K programme allows to some extent and for favourable values of the parameters, a sensitivity to the matter effect. More information on the performance and outlook for upgrades can be found in the proposal [NovA] and presentations at NUFACT05 [Plunkett] . The beta-beam concept [Zucchelli] is based on the acceleration, storage and beta-decay of suitable ions. The first one is normal beta decay and produces a pure wide-band flux of electron anti-neutrinos. The second is the beta-plus decay and produces a pure electron neutrino beam. The third one, electron capture on heavier nuclei, is a relatively newer idea by Bernabeu [Bernabeu04, Burget05] which would allow producing a pure, monochromatic, electron neutrino beam.
The beta-beam + Superbeam facility
The great interest of the beta-beam lies in its purity, and its relative practicality [beta-beam] : as long as one contents oneself with existing proton machines, the additional required infrastructure is limited to a (quite challenging) high intensity ion source, and a storage ring. The main drawback is that this leads to relatively low energy neutrinos E ν = 2 γ E 0 where E 0 ~ 3 MeV is the energy of the neutrino in the decay at rest and γ is the Lorentz boost of the accelerated ion. At the CERN SPS, one can accelerate protons to 450 GeV, thus 6 He to 150 GeV/u or γ < 150. This limits the neutrino energy to about 600 MeV, while already requiring construction of a storage ring with a rigidity equivalent to that of the SPS. Similarly to the superbeam case, the detector of choice for a low energy beta-beam is a large water Cherenkov. For higher energies the technology would change similarly to a fine grained detector, using scintillator or liquid argon. The higher cross-section and natural focusing at high energy compensates the more difficult realization of massive segmented detectors. The high intensity flux seems reasonably easy to obtain for anti-neutrinos with the 6 He, but 18 Ne appears to be more difficult, perhaps smaller by one order of magnitude. The production of Dy seems even more limited; the application may be a wonderful way to measure cross-sections and nuclear effects directly with a monochromatic beam in the near detector.
The superbeam would be a standard horn-focused neutrino beam from pion decay, produced from low energy protons, with the advantage that the limited kaon production leads to a small and controllable component of electron neutrinos in the beam, from muon decays. This can actually be varied and monitored by varying the length of the decay tunnel.
There exists a "baseline scenario" at CERN for a superbeam + beta beam facility pointing at a megaton water Cherenkov in the Fréjus laboratory, with a baseline of 130 km. As described by J.E. Campagne [Campagne05] , the superbeam can be improved by increasing the proton beam energy to 3.5 GeV over the original SPL at 2.2 GeV (Figure 10 ) It has been pointed out that beta-beam at higher energies would be more powerful, especially since the number of events per ton scales as γ 3 , as shown in Figure 11 . It has been argued that a beta-beam could be run at the Tevatron with a higher energy, γ ~350 for the Helium beam, and 580 for the Neon. Clearly the cost of such a facility increases rapidly with energy, since a storage ring of equivalent rigidity would have to be constructed. This should be taken into account when imagining high energy beta beams. In addition the background issues do increase when energy increases, since pion production (the main background to the muon signal) increases rapidly with neutrino energy. 
Detectors
The detector for the low energy single flavour beams must be designed for the largest possible mass, while providing good separation between electrons, muons and pions. The water Cherenkov is an obvious choice, with the caveat already mentioned that it works best in the energy region below the effective pion production threshold, where π 0 s mimic electrons, and π +-mimic muons. (600MeV to 1 GeV). In this energy range, the water Cherenkov is unchallenged (Figure 12 ). At higher energies, more information is needed and liquid scintillator (NovA) and liquid argon detectors have been proposed. A total mass of the order of 30 kton seems feasible for scintillator (Figure 8) , and ideas for up to 100 kton are being considered for the liquid argon detectors (Figure 13 ). 
The neutrino factory
In a Neutrino Factory [nufact] muons are accelerated from an intense source to energies of several GeV, and injected in a storage ring with long straight sections. The muon decays: Neutrino Factory designs have been proposed in Europe [Aut99] , [Gru02] , the US [MuColl] [StudyI] [StudyII], and Japan [Japnufact] . Of the three designs, the one in the US is the most developed, and we will use it as a example in general with a few exceptions. The conclusion of these studies is that, provided sufficient resources, an accelerator complex capable of producing and storing more than 10 21 muons per year can be built. The Neutrino Factory consists of the following subsystems:
Proton Driver. It provides 1-4 MW of protons on a pion production target. For the Neutrino Factory application the energy of the beam is not critical, since it has been shown that the production of pions is roughly proportional to beam power. The time structure of the proton beam has to be matched with the time spread induced by pion decay (1-2 ns); for a linac driver such as the SPL, this requires an additional accumulator and compressor ring.
Target, Capture and Decay. A high-power target sits within a 20T superconducting solenoid, which captures the pions. The high magnetic field smoothly decreases to 1.75T downstream of the target, matching into a long solenoid decay channel. A design with horn collection has been proposed at CERN for the Neutrino Factory, with the benefit that it can be also used for a superbeam design. The advantage of the horn that it sign-selects the pions and muons is compensated by the fact that in a Neutrino Factory design one could accelerate both signs of muons, thus doubling the available flux.
Bunching and Phase Rotation. The muons from the decaying pions are bunched using a system of RF cavities with frequencies that vary along the channel. A second series of RF cavities with higher gradients is used to rotate the beam in longitudinal phase-space, reducing the energy spread of the muons.
Cooling.
A solenoid focusing channel with high-gradient 201 MHz RF cavities and either liquid-hydrogen or LiH absorbers is used to reduce the transverse phase-space occupied by the beam. The muons lose, by ionisation, both longitudinal-and transverse-momentum as they pass through the absorbers. The longitudinal momentum is restored by re-acceleration in the RF cavities.
Acceleration. The central momentum of the muons exiting the cooling channel is 220 MeV/c. A superconducting linac with solenoid focusing is used to raise the energy to 1.5 GeV. Thereafter, a Recirculating Linear Accelerator raises the energy to 5 GeV, and a pair of Fixed-Field Alternating Gradient rings accelerates the beam to at least 20 GeV.
Storage Ring. A compact racetrack geometry ring is used, in which 35% of the muons decay in the neutrino beamforming straight section. If both signs are accelerated, one can inject in two superimposed rings or in two parallel straight sections.
This scheme produces over 6 × 10 20 useful muon decays per operational year and per straight section in a triangular geometry. The European Neutrino Factory design is similar to the US design, but differs in the technologies chosen to implement the subsystems. The Japanese design is very different, and uses very large acceptance accelerators rather than cooling.
An important Neutrino Factory R&D effort is ongoing in Europe, Japan, and the U.S. since a few years. Significant progress has been made towards optimising the design, developing and testing the required components, and reducing the cost. To illustrate this progress, the cost estimate for a recent update of the US design [APS04] is compared in Table 2 with the corresponding cost for the previous "Study II" US design [Study II]. It should be noted that the Study II design cost was based on a significant amount of engineering input to ensure design feasibility and establish a good cost basis.
Neutrino Factory R&D has reached a critical stage in which support is required for two key international experiments (MICE [MICE] and Targetry [target-exp] ) and a third-generation international design study. If this support is forthcoming, a Neutrino Factory could be added to the Neutrino Physics roadmap in less than a decade. Table 2 Comparison of unloaded Neutrino Factory costs estimates in M$ for the US Study II design and improvement estimated for the latest updated US design. Costs are shown including A: the whole complex; B no Proton Driver; C no proton driver and no Target station in the estimates. 
Oscillations physics
Considering a Neutrino Factory with simultaneous beams of positive and negative muons, the following 12 oscillation processes can be studied. ν ν ν ν ν → e appearance: "silver" channel An important feature of the Neutrino Factory is the possibility of having opposite muon charges circulating in the ring, therefore allowing also the study of the charged-conjugated processes of those above. Of course the neutrinos coming from decays of muons of different charge must no be confused with each other, this can be done by timing provided the storage ring is adequately designed. It remains to separate the two neutrino flavours that are always simultaneously present. Identification of the flavour of the lepton produced in charged-current interactions is not sufficient and one needs to measure its charge. For muons in the final state (coming from ν µ interactions of from decays of τ µνν ), this can be done readily using a magnetic detector of design similar to that of the CDHS or MINOS experiments, for which by that time one can safely assume that it could be built with a mass of the order of 100 ktons [Nelson] . Many studies have been performed under this hypothesis, where the main discovery channel is the 'wrong sign muon' also called "golden" channel [Cervera00] .
Compared with conventional neutrino beams, Neutrino Factories yield higher signal rates with lower background fractions and lower systematic uncertainties. These characteristics enable Neutrino Factory experiments to be sensitive to values of θ 13 that are beyond the reach of any other proposed experiment. Several studies (see e.g. [Huber03] ) have shown that a non-zero value of sin2 θ 13 could be measured for values as small as O(10 -4 ). In addition, both the neutrino mass hierarchy and CP violation in the lepton sector could be measured over this entire range. Even if  θ 13 = 0 the probability for ν e →ν µ oscillations in a long-baseline experiment is finite, and a Neutrino Factory would still make the first observation of it in an appearance experiment, and put a sufficiently stringent limit on the magnitude of θ 13  to suggest perhaps the presence of a new conservation law. For the measurement of the quantities θ 13 and δ, it has been shown that the golden observables are the oscillation probabilities The above studies were made only using the "golden channel" , and for very high muon momentum (cut at 4-5 GeV). A more granular detector may be able to either detect electrons, perhaps even measure their charge ("platinum" channel) or detect tau leptons and measure their charge ("silver" channel). In the studies made assuming a large liquid argon detector [Bueno00] , the detected events could be classified in four classes: charged-current electrons; right-sign muons, wrong-sign muons, events with no leptons. An example of the set of energy spectra for these classes, for positive and negative muons circulating in the ring, is given in Figure 17 . Performing measurements at potential Neutrino Factories will face the existence of correlations and degeneracies in parameter space [Cervera00] , [Burguet01] , [Minakata01] [ not found in references], [Barger02] which make the simultaneous determination of all the unknowns rather difficult. The importance of having good neutrino energy resolution or combining the measurements of the golden oscillation probabilities at several experiments with different < E ν /L > (or different matter effects) have been proposed to overcome this problem [Burguet01] , [Barger02] , [Burguet02] .
In addition, the measurement of the silver channels [Donini02] 
besides the golden one, although it is experimentally more challenging, is extremely powerful in reducing these correlations. The silver channel also provides a test of unitarity of the Neutrino mixing matrix! In fact, it has been shown that while the combination of beta-beam and Superbeam could not help in solving the degeneracies, the combination of one of them with the Neutrino Factory Golden and Silver channel can, instead, be used to solve completely the eightfold degeneracy. It is even advocated, although full demonstration is needed, that with a Neutrino Factory with two baselines and detectors able to measure both the golden and silver channels in addition to the disappearance channels, a fully unambiguous determination of oscillation parameters could be achieved. These studies were done for the Neutrino Factory some years ago for a muon energy of E µ =20-50 GeV and a baseline for the golden measurement of a few thousand kilometres [Cervera00] . The combination of this measurement, using a 40 Kton iron calorimeter [Cervera00a] , plus the silver one in an Opera-like tau-neutrino detector [Donini02] results in a great physics potential. The sensitivity to sin 2 θ 13 is below 10 -4 and there is a 99% CL discovery potential for CP violation if δ> 10 0 . In addition, the atmospheric parameters can be determined with a 1% precision and the sign of ∆m 2 23 can be measured in a large range of parameter space. These studies will need to be actualised to take into account progress both in accelerator and detector design.
High-precision neutrino scattering
As discussed in [Mangano01] , [Bigi01] , the neutrino beams at the end of the straight section of a Neutrino Factory offer an improvement in flux by several orders of magnitude over conventional beams, allowing several times 10 8 events to be collected per kilogram and per year (Figure 19 ). This could allow a new generation of neutrino experiments, with detailed studies of nucleon structure, nuclear effects, spin structure functions and final state exclusive processes. Precision tests of the Standard Model could be carried out in neutrino scattering on nucleon or electron target, as well as a precise determination of neutrino cross-sections and flux monitoring with permil accuracy. 
Muon physics
A high-intensity proton source could certainly produce many low-energy muons [Aysto01] and thus, provided the beam and experiments can be designed to do so, provide opportunities to explore rare decays, such as , which are lepton-number-violating processes. While the SeeSaw mechanism provides a very appealing explanation of neutrino masses and mixings, its inclusion in Supersymmetric models almost invariably leads to predictions in excess or close to the present limits for these processes.
It is therefore quite possible that one of these processes will be discovered in the upcoming generation of experiments (MEG [MEG] at PSI, MECO at BNL) in which case a detailed study would become mandatory. If not, further search with higher sensitivity would be in demand. It should be emphasized that the three processes are actually sensitive to different parameters of these models, and thus complementary from both the experimental and theoretical points of view.
Another fundamental search would clearly be the search for a muon electric dipole moment (EDM), which would require modulation of a transverse electric field for muons situated already at the magic velocity where the magnetic precession and the anomalous (g-2) precession mutually cancel.
Muon Colliders
Finally, it is worth keeping in mind that the Neutrino Factory is the first step towards muon colliders. As shown in [muoncollider] , the relevant characteristics of muons are that, compared to electrons, i) they have a much better defined energy, since they hardly undergo synchrotron radiation or beamstrahlung, ii) their coupling to the Higgs bosons is multiplied by the ratio (mµ/me) 2 , thus allowing s-channel production with a useful rate.
These remarkable properties make muon colliders superb tools for the study of Higgs resonances, especially if, as predicted in supersymmetry, there exists a pair H, A of opposite CP quantum numbers which are nearly degenerate in mass. The study of this system is extremely difficult with any other machine and a unique investigation of the possible CP violation in the Higgs system would become possible.
Comparison of facilities and open questions
The performances of various superbeams, betabeams and Neutrino Factories have been compared extensively with varying methods and presentations. One set of comparative plots were prepared for the MMW workshop, and are shown in Figure 20 . Another set of plots could be seen at NUFACT05 and are shown in Figure 21 . The comparison of these curves points to a number of questions and comments. It is clear that from the first set of plots ( Figure 20) one would conclude that a neutrino factory is the most powerful device to measure CP violation, determine the mass hierarchy and extract the best precision on sin 2 2θ 13, regardless of the value of this mixing angle. If this is correct, then one would conclude that there is no need to wait for the next generation of experiments to go forward with it.
On the contrary, the second set of plots seems to indicate that the superiority of the neutrino factory is a sin 2 2θ 13 -dependent statement and that it is "urgent to wait". At this point one could argue that the breaking point is around sin 2 2θ 13 ~ 0.01 and that the combination of MINOS at NUMI, OPERA at CNGS , the next reactor experiment and the first runs of T2K should give already a clear indication of where this parameter lies -by 2010 or so ( Figure 5 ) and that one should get prepared in any case. Nevertheless, a closer investigation of these conclusions is necessary and instructive.
As M. Mezzetto pointed out in his NUFACT05 presentation [Mezzetto05] , and for the reason advocated earlier (Figure 4) , measuring the CP violation for large values of θ 13 is not too difficult from the point of view of statistics, but is extremely challenging from the point of view of systematic errors, because the asymmetry is small. As pointed out earlier, one solution is to go for the second maximum, where the effect is larger -but the statistics much smaller. In addition, the interplay between matter effects and CP violation requires either a good knowledge of matter effects from external information, or a more sophisticated analysis to extract them from the oscillation data themselves as it has been done in [Bueno00] . The next generation of studies should clearly address the issues of systematic errors in a systematic and, as always when dealing with systematics, creative way.
Putting together the information gathered at the time of the NUFACT05 workshop, a more complete comparative picture has been drawn in Figure 22 , emphasizing the role of systematic errors. These plots were produced by P. Huber with GLOBES [Globes] and show the sensitivity to CP violation at 3σ CL (∆χ 2 =2.9): sensitivity to CP violation is defined, for a given point in theθ 13 -δ plane, by being able to exclude δ=0 and δ=π. Degeneracies and correlations are fully taken into account. For all set-ups the appropriate disappearance channels have been included. The beta beam is lacking muon neutrino disappearance, but the result does not change if T2K disappearance information is included in the analysis. In all cases systematics between neutrinos, anti-neutrinos, appearance and disappearance is uncorrelated. For all set-ups with a water Cherenkov detector the systematics applies both to background and signal, uncorrelated.
The neutrino factory assumes 3.1 10 20 µ + decays per year for 10 years and 3.1 10 20 µ -decays per year for 10 years. It has one 100 kton detector at 3000 km and another 30 kton detector with 30 kton at 7000 km. The density errors between the two baselines are uncorrelated. The systematics are 0.1% on the signal and 20% on the background, uncorrelated. The detector threshold and the other parameters are taken from [Huber02] , and follow closely [Cervera00a] .
The beta beam assumes 5.8 10 18 He decays per year for five years and 2.2 10 18 Ne decays per year for five years. The detector mass is 500 kton. The detector description and the glb-file is from [Mezzetto05] . The SPL set-up is taken from [Campagne05] , and the detector mass is 500 kton. The systematic errors on signal efficiency (or cross-sections) and background are 2% or 5%.
The T2HK set-up is taken from [Huber02] and closely follows the LOI [Itow01] . The detector mass is 1000 kton and it runs with 4MW beam power, 6 years with anti-neutrinos and 2 years with neutrinos. The systematic error on both background and signal is 5%.
The oscillation parameters were [Maltoni] , [Lisi] [Oulumatter] , indicating that the 2% systematic error could possibly be achieved, but the introduction of the details of this information into Globes is still to be made. The discussion necessary to establish reasonable systematic errors in measuring the CP or T asymmetry should include the following questions:
1. How does one measure the cross-section*efficiency of the appearance channel in a beam with only one flavour? (superbeam or beta-beam alone) 3. What is the energy sensitivity of these issues -which should be quite serious at low energies (E ~ few 100 MeV) and gradually become easier at higher energies. The Neutrino Factory provides all channels in the same beam line/detector, but can one make use of this?
In order to go further, one must address a set of specific remarks and questions to the various types of facilities
Neutrino Factory issues.
One must remember that most of the Neutrino Factory studies have been made in the years 1998-2001, and would highly benefit from a refreshed look. There is no ordering in the following questions, and there should probably be some reflection on understanding which one should be tackled first.
1. Since the early part of the studies it has been advocated that having two different locations allows to decipher the matter effect from the CP violation, as they have different distance dependence. With the realization that the energy distribution could also resolve this issue, do we really need far locations at two different distances?
2. The detector that was simulated (a large magnetized iron calorimeter) and the analysis that was performed in the studies so far have advocated a muon momentum cut at about 4-5 GeV, in order to get a very clean and background free sample of wrong-sign muons. This is clearly favourable to obtaining a very good sensitivity to θ 13 , but leads to a poor efficiency at low momentum. Perhaps as a consequence, the optimal distance was found to be about 3000 km, for which the first oscillation maximum is located at about 6 GeV. The second oscillation maximum at 2 GeV is then completely lost. Can this be improved, by a more finely segmented iron calorimeter, or a magnetized fine-grained detector (fully active scintillator or Liquid Argon detector imbedded in a magnetic field) ?
3. Can one really eliminate all degeneracies by combination of energy distribution and analysis of different channels (tau, muon, electron, both signs, NC…) and what is the need of two baselines to do so?
4.What are the systematics on flux control? (The CERN yellow report claims that a precision of 10 -3 should be achievable)
5. What are the a priori systematics on the knowledge of the matter effect? How can this be determined from the data, and what are the conditions on the experiment to be able to do so?
6. What is the best baseline and consequently optimal stored muon energy? This is an important question as this is a cost-driver in the accelerator (in study II the cost of neutrino factory was given as ~ 1500M$ + 400M$*E/20GeV) 2.5 Superbeam+beta-beam issues 1. The first question of course is that of finding the energy and distance combination that allows both beta-beam and superbeam to be used optimally. The difficulty with a low energy scenario such as CERN-Fréjus is that the short baseline imposes an oscillation maximum at E ν ~250 MeV. This is barely above the muon Cherenkov threshold, and commensurate with both the Fermi momentum and the muon mass, thus making it very sensitive to nuclear effects, muon mass correction etc… Before being considered seriously, this experiment must be validated by a convincing study of systematic errors and of the means to control them. A strategy of ancillary measurements in the near detector station could be the answer to this issue.
2. One of the arguments in favour of the beta-beam is that the production targets necessary for ion production are efficient enough not to require very high primary proton power. This advantage is reduced if a 4MW superbeam is necessary to master systematic errors. The question is then: what is the importance of the superbeam in this scheme? Is it only the beauty of T violation or much increased sensitivity -or the need to have a (known) source of muon neutrinos to calibrate the cross-sections and efficiencies of the detector to the µ µ µ µ ν ν ν ν ν ν ν ν → e "golden" signal? 3. At which neutrino energy can one begin to use the event energy distribution, which is a very powerful cross-check of the experiment? Here again, the effect of Fermi motion appears, in that it affects the ability to reconstruct the event kinematics. Here again, what is the impact of muon Cherenkov threshold? 4. Should energy remain an adjustable parameter once the long baseline distance has been chosen? One could imagine that this could be achieved by moveable horns for the Wide Band Beam, by varying the beam axis for the off-axis beam, or by changing the energy of the storage ring in the beta beam.
5. What is the relationship between beta-beam and superbeam energies, vs intensity?6. What is really the cost of the detector? For the water Cherenkov, what PM coverage is needed as function of neutrino energy? For the Liquid Argon or scintillator alternatives, can they, thanks to better granularity and acceptance, compete with the water Cherenkov given the unavoidable limitations in detector mass?
6. Conclusions
Neutrinos have unveiled for us a new layer of reality beyond the Standard Model. It is possible that the answer to their extraordinary small masses is trivial, or it may have its origin at a much higher scale that what will be investigated with the next generations of accelerators (LHC, ILC, CLIC). It may be that CP/T violation will be observed and it may be that neutrinos have a different concept of hierarchy than charged fermions. These questions are simple but fundamental. They justify a considerable investment in time and resources from the community. There exists an opportunity for a powerful facility to be decided together and built in the next decade, and the question is: which one? The scoping study will not answer this question but should identify the work that will be needed to make this decision in the best possible way. I hope this short reflection and list of questions will prove useful.
